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Background

Breast cancer is one of the major causes of cancer death in women in the United States.

The most effective way to treat breast cancer is to detect it at an early stage by screening

patients periodically. Conventional film-screening mammography uses X-ray films which

are effective in detecting early abnormalities of the breast. Direct digital mammography

has the potential to improve the image quality and to take advantages of convenient

storage, efficient transmission, and powerful computer-aided diagnosis, etc. One effective

alternative to direct digital imaging is secondary digitization of X-ray films. This

technique may not provide as high an image quality as the direct digital approach,

but definitely have other advantages inherent to digital images. One of them is the usage of

satellite-transmission technique for transferring digital mammograms between a remote

image-acquisition site and a central image-reading site. This technique can benefit a large

population of women who reside in remote areas where major screening and diagnosing
facilities are not available.

The NASA-Lewis Research Center (LeRC), in collaboration with the Cleveland Clinic

Foundation (CCF), has begun a pilot study to investigate the application of the Advanced

Communications Technology Satellite (ACTS) network to telemammography. The bandwidth

of the T1 transmission is limited (1.544 Mbps) while the size of a mammographic image is

huge. It takes a long time to transmit a single mammogram. For example, a mammogram of

4k by 4k pixels with 16 bits per pixel needs more than 4 minutes to transmit. Four images for a

typical screening exam would take more than 16 minutes. This is too long a time period for a

convenient screening. Consequently, compression is necessary for making satellite-

transmission of mammographic images practically possible.

The Wavelet Research Group of the Department of Electrical Engineering at The Ohio

State University (OSU) participated in the LeRC-CCF collaboration by providing advanced

compression technology using wavelet transform. OSU developed a time-efficient

software package with various wavelets to compress a serious ofmammographic images.

This documents reports the result of the compression activities.

Wavelet Transform

Over the past decade, Discrete Cosine Transform (DCT) has been extensively used for the

compression of still images. Based on DCT, JPEG ([ 1]) has been a widely accepted

standard for image compression. Due to the use of block-based DCT in which the

transform is performed on blocks of 8 by 8 pixels, JPEG tends to introduce annoying block

artifacts at low bit rates which severely degrades the visual quality of the image. Wavelet

transform is a new approach for image compression emerging in the past few years which

has been proved superior to traditional DCT approaches. The wavelet transforms use two

filter banks, low-pass (h) and high-pass (g), to localize the frequency distributions of an

image globally. It out-performs the DCT transform because of the following advantages:

• Wavelet transform is applied to the entire image thus avoiding the block artifacts.



• Wavelettransformlocalizessignalcharacteristicsin both timeandfrequency
domains.Thus,moreefficientexplorationof spatialredundanciescanbeachieved.

• Wavelettransformsupportscontinuousratescalability. This allowstheuserto select
adatarateaccordingto theavailablebandwidthof thesatellitecommunicationlink.

Figure1showstheblock diagramof atypicalwavelettransform([2]).

f(n)-C
g(n) _ g(n) )

Figure 1 Wavelet analysis and synthesis of signal f(n) where_ means down sampling

and /_2 means up-sampling.

One disadvantage associated with the conventional wavelet transform is the lengthy

computation time. OSU developed a time-efficient software package which is based on a

so-called packed-integer computation ([3]) which overcomes this disadvantage. The

wavelets used in the computation are completely integer-based which is much faster than

floating-point arithmetic.

Activities

The Cleveland Clinic Foundation (CCF) provided OSU 50 digital mammograms. Each

digital mammogram has a 50/.on spatial resolution and 1.6 k by 4 k pixels with 16 bits per

pixel. As a result, each image has 12.8 M bytes which will be too time-consuming to

transmit by the T1 transmission line. These 50 mammograms represent different patient

cases such as malignant microcalcification, benign microcalcification, malignant tumor,

benign tumor, architectural distortion, and normal.

We used the SP and TS wavelets to perform the wavelet transform. Both TS and SP

wavelets can be implemented using the integer computation ([4]). The low-pass and high-

pass filters, h and g, of the TS transform can be expressed as

and

1 1

1 1 1 1 1 1_
g=[8 8_-,--, ,-

(1)



(2)

respectively.Thoseof theSPtransformcanbeexpressedas

1 1

(3)
and

1 1 15 17 7 1
].

g=[ 16' 16'32' 32'32' 3-2

(4)

We first used the SP wavelets to compress the images using the compression ratios of 20:1,

60:1, 120:1, and 200:1, respectively. Then the TS wavelets were used to compress the

images with compression ratios of 10:1, 20:1, and 60:1, respectively. Higher than 60:1

compression ratios such as 120:1 and 200:1 were dropped in the TS transform because they

created too much distortion for reliable diagnosis in the SP transform. For each

compression ratio, signal-to-noise ratio (SNR) was measured to compare the performance

of the two wavelets. The compressed files were then used to reconstruct the mammograms

which were reviewed by three radiologists at CCF for the preference study.

SNR is a numerical measure of the performance and is expressed as

where

255

SNR = 20 log10 RMSR

RMSE = _"_[f i,j , 2-f ,.j]
i=t j=l

(5)

(6)

where fo represents the original direct digital mammogram and f *ij represented the

reconstructed images from the compressed files; N is the number ofpixels in the x

direction, and M in the y direction. A higher SNR represents a better quality of the

reconstructed image.

In the preference study, three radiologists who specialize in mammography reviewed both

compressed and uncompressed digital images. The 3 wavelet-compressed images (10:1,

20:1, and 60:1) were displayed simultaneously with the original mammograms. The

readers ranked the images in order of preference where 1 is equal to the most desirable and



4 theleast. A non-parametricrank-sumtestwasusedto determinewhetherimages
compressedat differentcompressionratiosdiffer significantlyfrom theuncompressed
original.

Results

As just mentioned, OSU compressed the 50 mammograms with both SP and TS wavelets.
The result of the SP transform is shown in Appendix A and the result of the TS transform is

shown in Appendix B. From the result, one can see that the computation time for each

compression is short (on average it is less than 3 seconds). If floating-point instead of

integer arithmetic was used, the computation time would be 10 times longer. Secondly,

one can see that the SNR ranges from 33 to 40 for compression ratios between 200:1 to

20:1. When SNR is about 40, the visual quality of the reconstructed image is very good

and shows no significant difference from the original image. The difference between the

TS and SP wavelets is not significant although the SP wavelets are slightly better in some

cases. Additional 28 files were compressed using the TS transform and the 10:1, 20:1 and

60:1 compression ratios, respectively for CCF. All the compressed files were transferred to

NASA-LeRC and CCF electronically for archive.

The SNR value is not always consistent with the perceive quality by human eyes.

Therefore, it is important that the compressed mammograms be tested by the radiologists.

This was conducted at CCF by three certified readers. The report of the study is attached

as Appendix C.

The readers reviewed 68 cases with both calcifications and masses. The report indicated

that for calcifications, the differences between the original and C 10 (10:1 compression

ratio) are not statistically significant. The difference between the original and C20 is

statistically significant for reader 2 and marginally significantly for reader 1. The

difference between the original and C60 is statistically significant for both readers.

For masses, the differences between the original and C 10 (10:1 compression ratio) are

statistically significant for reader 2. The difference between the original and C20 is

statistically significant for both readers. The difference between the original and C60 is

statistically significant for both readers.

Further details of the preference study can be found in Appendix C.

Conclusions

From this initial study of wavelet transform for satellite-transmitted digital mammograms,

we can draw a few conclusions:

Wavelet transform is effective in compressing digital mammograms.

Integer-based wavelets are computationally efficient and proved practical for

compressing digital mammograms.

4



Low compressionratio resultsin insignificantdifferencebetweentheoriginal and
compressedimagesin thepreferencestudy. It appearsthata lower than10:1
compressionratio is necessaryto eliminatethestatisticalsignificanceby someof
thereaders.

We recommendto continuingthestudyby investigatingmorecompressionratiosuntil an
optimal ratio is achieved. Anotherdirectionof futureresearchis to usewavelettransform
to enhancedigital mammogramssuchthatcompressedimagescanrevealmorediagnosis
informationevenwith ahigh compressionratio.
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Apr. 5, 1999 Haiyun Guo

Medical Image Compression Document

Software: Medview--Medical Image Compression System.

Copyright 1998-1999, OSU Wavelet Research Group.

Images : Mammography pictures from Cleverland Clinic Foundation.
50 .raw files 1600"4000"2=12800000 bytes (12.2MB) each. B&W

General Settings of the Medview:

Transform Type: SP transform
Encoder : Stack Run

Quantizer : S-DZ(best quality)
Multiresolution : 5

Compression Requirement:

Compress each image with 4 different compression ratio of 20:I, 60:1,120:1 and 200:1 and produce the
Reconstruction file for each ratio.

Record No.: I

File name :DL5K-A002_lcc.crop.raw
Filename Expected Actual Step Size SNR Compression

time
Decompression
time

Total time

Ratio Ratio

A002 20 20:1 20.19:1 50 39.14 3214 3996

A002 60 60:1 59.85:1 106 35.45 2754 3415

A002 120 120:l 121.21:1 163 33.93 2724 3305

A002 200 200:1 201.97:1 215 33.05 2654 3415 I

Record No.: 2

File name :DLSK-A003_Icc.crop.raw
Filename Expected Actual Step Size SNR Compression Decompression Total time

Ratio Ratio time time

A003 20 20:1 20.68:1 47 40.13 3184 3695
m

A003 60 60:1 61.90:I 100 36.58 2754 3835
120:I 121.53:1 153 35.09 2724 3255A003 120

m

A003 200 200:1 200.00:1 203 34.23 2654 3275 I

Record No.: 3

File name :DL5K-A005 rmlo.crop.raw
Filename Expected Actual Step Size SNR Compression Decompression Total time

A005 20
m

A005 60

51

Ratio Ratio

20:1 19.93:1

60:1 60.54:1

120:1 119.42:1

200: I 198.80:1

i03
38.48

2734

time

3126
2734

time

3745

3335

A005 120 153 2684 2684 3465

A005 200 203 2674 2674 3264



RecordNo.:4
Filename:DL5K-A006_lmlo.crop.raw
Filename Expected Actual

A00620
A00660
A006120
A006200

Ratio Ratio
20:1 20.68:1
60:1 59.00:1
120:1 120.30:1
200:1 198.68:1

StepSize

57
110
166
210

SYR

38.96

36.07

34.69

33.94

Compression
time

3095

2754

2684

2704

Decompression
time

3955

3365

3345

3315

Total time

Record No.: 5

File name :DL5K-A009 lmlo.crop.raw
Filename Expected Actual

A009 20

Step Size SNR Compression Decompression Total time
Ratio Ratio

20:i 20.61:1

60:! 59.53:1

120:1 119.70:1

200:1 198.08:1

37.00

34.30

time

3105
2734

44

time

3705

3646

3305

3224

A009 60 83
I

A009 120 118 33.24 2724
A009 200 150 32.64 2644

Step Size

Record No.: 6

File name :DL5K-A010_lobl.crop.raw
Filename Expected Actual SNR Compression Decompression Total time

Ratio

A010 20 20:1

A010 60 60:1

A010 120 120:1
i

A010 200 200:1

Ratio time
2i.51il 47 40.25 3095

59.30:1 97 36.79 2754
1 i9.01:1

200.59:1

149 35.19

195 34.28

2734

2674

Record No.: 7

File name :DL5K-A013_rcc.crop.raw
Filename Expected Actual

A013 20

A013 60

A013 120

A013 200

Ratio Ratio

20:1 19.96:1

60:1 60.88:1

120:I 119.38:1

200:1 199.87:1

Step Size

50

99

141

185

SNR

37.49

_]34.34
33.13
32.40

Compression
time

3124

2733

2724

2664

Record No,: 8

File name :DL5K-A014 rmlo.crop.raw
Filename Expected Actual Step Size SNR Compression

Ratio

A014 20 20:1
m

A014 60 60:1
m

A014 120 120:i

A014 200 200il

Ratio

20.07:1

61.71:1

i21.89:1

195.25:1

44

88

125

161

36.31

33.23

32.10

31.48

time

3175

2754

2734
2744

Record No.: 9

File name :DL5K-A019 rmlo.crop.raw
Filename Expected Actual Step Size SNR Compression

A019 20
m

A019 60

A019 120
u

A019 200

Ratio timeRatio

20:! 20.17:1 55 39.17 3105
60:1 61.99:1 115 35.72 2764

120:! 119.10:1 171 34.37 2724

200:! 202.44:! 226 I 33.49 2654

time

3685

3625

2744

3274

Decompression
time

3845

3505

3365

3215

Total time

Decompression Total time
time

3815
3465

3394

3265

Decompression
time

3955

3395

3485

3375

Total time



RecordNo.: 10
Filename:DL5K-A020rmlo.crop.raw
Filename

A02020
m

A020 60
m

Expected
Ratio

20:1

60:1

Actual

Ratio

20.00:1

59.97:1

Step Size

51

105

SNR

39.22

35.91

Compression
time

3110

2734

Decompression
time

3815

3555

A020 120 120:1 121.43:1 156 34.50 2664 3385

A020 200 200:1 200.73:1 205 33.37 2684 3295

Total time

Record No.: 1 !

File name :DL5K-A021 lmlo.crop.raw
Filename Expected Actual Step Size SNR

Ratio

A021 20 20.63:1 70 37.11

A021 60 60.55:1 137 34.22
A021 120 121.86:1 199 32.95

A021 200 199.90:1 260 0.14'*

Compression
time

Decompression
time

Total time

Ratio

20:1 3095 3705

60:1 2804 3455

120: I 2674 3235

200:1 2714 3264

Record No.: 12

File name :DL5K-A024 lcc.crop.raw
Filename Expected Actual Step Size SNR Compression Decompression Totaltime

Ratio time time

19.96:1 45 41.18 3125 3626

61.77:1 96 37.71 2784 3445

144 36.25 2724 3234

Ratio

A024 20 20:1

A024 60 60:1

A024 120 120:1

A024 200 200:1

119.69:i

200.31:1 195 35.30 2644 3365

Record No.: 13

File name :DL5K-A026_lcc.crop.raw
Filename Expected Actual Step Size SNR Compression Decompression Total time

A026 20

A026 60

A026 120

A026 200

Ratio

20:1

60:1

120:1

200:1

Ratio

20.29:1

60.82:1

121.80:1

200.67:1

59

114

166

210

37.37

34.39

33.19

32.53

time

3134

2754

2654

2684

time

3585

3465

3245

3355 ]

Record No.: 14
File name :DL

Filename
5K-A027 .rmlo.crop.raw

Expected Actual Step Size SNR Compression
timeRatio Ratio

20:1 20.90:1

60:1 59.53:1

120:1 120.45:1
200:1 198.74:1

Decompression
time

A027_20 42 40.35 [.3114 3605
A027 60 90 36.47 2744 3505

A027 120 145 34.70 2674 3315

A027 200 2644195 33.67 3325

Totaltime

Record No.: 15

File name :DL5K-A028_lcc.crop.raw
Filename Expected Actual Step Size SNR Compression Decompression Totaltime

Ratio Ratio time time

A028 20 20:1 20.17:1 44 39.53 3145 3736

A028 60 60:1 59.51:1 91 36.11 2784 3515
A028-120 120:1 ! 19.09:1 137 _ 34.70 2664 3265

m

A028 200 200:1 199.30:1 180 2704 3275133.86



RecordNo.: 16
Filename:DL5K-A030Imlo.crop.raw
Filename Exp'ected Actual StepSize SNR CompressionDecompressionTotaltime

Ratio Ratio time time
A03020 20:1 20.18:1 56 39.32 3124 3816
A03060 60:1 59.08:1 113 36.24 2744 3415

A030 120 120:l 119.58:1 168 34.88 2674 3294
A030 200 200:i 200.43:1 222 2704 3405[ 34.09

Record No.: 17

File name :DL5K-A03 l_Icc.crop.raw
Filename Expected Actual

A031 20

A031 60

A031 120
m

A031 200

Ratio Ratio

20:1

60:1

120:1

200:!

20.80:1

61.25:1

120.58:1

201.59:1

Step Size SNR

44 139.85
90 36.48

132 35.16

176 34.35

Compression
time

3126

2724

2734

2653

Decompression
time

3675

3425

3285

3355

Total time

Record No.: 18

File name :DL5K-A032_rcc.crop.raw
Filename Expected Actual

A032 20

A032 60
m

A032 120

A032 200

Step Size
Ratio Ratio

20:1 20.98:1 51

59.32:1 105

120:l ll8.13:l 161

200:1 201.83:1 216

, 60:1

SNR Compression
time

Decompression
time

40.24 3104 3566

36.80 2744 3565

35.27 2694
269434.34

3404

3335

Total time

Record No.: 19

File name :DL5K-A036_rcc.crop.raw
Filename Expected Actual

Ratio Ratio

A036 20 20:1 20.74:1
m

A036 60 60:1 60.18:1

A036 120 120:1 120.95:1

A036 200 200:1 203.75:1

Step Size

38

77

115

155

SNR

39.55

36.03

34.55

33.71

Compression
time

3115

2774

2685

2694

Decompression
time

3795

3485

3305

3435

Total time

Record No.: 20

File name :DL5K-A040_lmlo.crop.raw
Filename Expected Actual Step Size SNR Compression Decompression Total time

Ratio

A040 20 20:1

A040 60 60:1

A040 120 120:1

A040 200 200:1

Ratio

20.51:1

59.64:1

121.3:1
202.0:1

Record No.: 21

File name :DL5K-A040 rcc.crop.raw
Filename Expected Actual

51

105
156

205

39.20
35.87

34.45

33.69

time

3245

2744

2674

2704

time

3876

3485

3254
3385

Step Size SNR Compression Decompression Totaltime
Ratio Ratio time time

20:1 21.46:1 44 40.06 3154 3585

60:1 61.63:1 92 36.39 2784 3385

120:1 118.9:1 139 34.98 2714 3265

200:1 203.2:1 183 34.06 2704 3344

A040r 20

A040r 60

A040r 120

A040r 200



Z

Record No.: 22

File name :DL5K-A045 rcc.crop.raw
Filename Expected Actual Step Size SNR Compression Decompression Total time

A045 20

A045 60
m

A045 120
m

A045 200

Ratio

20:1

60:1

120:1

200:1

Ratio

19.74i1

60.11:1
120.6:!

204.6:1

37

78
115

155

38.51

34.86

33.41

132.58

time

3114

2744

2674

2643

time

3795
3415

3335

3325

Record No.: 23

File name :DL5K-A046_rcc.crop.raw

Filename Expected Actual Step Size SNR Compression Decompression Totaltime
Ratio Ratio time time

A046 20 20:1 19.96:1 38 39.49 3194 3685

A046 60

A046 120

60:1
120:1

A046 200 200:1

Record No.: 24

61.24:1 83 35.60 2714 3505

119.6:1 125 34.12 2664 3324

203.5:1 174 33.09 2634 3275

File name :DL5K-A048 lmlo.crop.raw
Filename Expected Actual Step Size SNR

Ratio Ratio

A048 20 20:1 19.15:1 40 37.73

A048 60 60:1 61.96:1 83 34.44

A048 120 120:1 124.2:1 119 33.26

A048 200 200:1 199.6:1 32.57155

Compression Decompression Totaltime
time time

3194 3625

2784 3355

2724 3255

2704 3275

Record No.: 25

File name :DL5K-A052_rcc.crop.raw

Filename Expected Actual Step Size SNR Compression Decompression Total time

A052 20

A052 60

A052 120

A052 200

Ratio

20:1

60:1

120:1

200:i

Ratio

21.26:1

61.36:1

121.4:1

200.4:1

40

85

127
170

38.57

34.89
33.40

32.53

time time

3115 3675

2774 3465

2684 3255

2673 3294

Compression Decompression Totaltime
time time
3114 3685

2734 3505

2664 3345

2644 3275

Record No.: 26

File name :DL5K-A057_robl.crop.raw
Filename Expected Actual Step Size SNR

Ratio

A057 20 20:1

A057 60 60:1

A057 120 120:1
m

A057 200 200:1

Ratio

20.34:1 60 38.85

59.14:1

122.5:1

198.7:1

119

181

235

35.87

34.47
33.76

Record No.: 27

File name :DL5K-A058 Icc.crop.raw
Filename Expected Actual Step Size SNR Compression Decompression Total time

A0581 20
m

Ratio

A0581 200

20:1

Ratio

200:1

19.39:1 47 38.11

201.9:1

A0581 60 60:1 61.37:1 92 35.15
i

A0581 120 120:1 121.5:1 133 34.04

174 33.34

time time

3124 3725

2734 3475
2674 3275

2664 3335



Record No.: 28

File name :DL5K- A058 rcc.crop.raw
Filename Expectecl Actual

Ratio Ratio

20:1 20.94:1

60:1 62.72:1

120:1 118.0:1

200:1 204.2:1

Step Size SNR Compression
time

Decompression
time

Total time

A058 20 41 38.99 3124 3695

A058 60 76 35.96 2744 3405
m

A058 120 106 34.88 2744 3305

A058_200 i 140 34.09 2704 3325

Record No.: 29

File name :DL5K-A060_rmlo.crop.raw
Filename Expected Actual Step Size SNR Compression Decompression Totaltime

Ratio Ratio

A060 20 20:1 19.73:1

A060 60
m

A060 120

60:1

120:1

200:1A060 200

50 37.87

59.16:1 99 34.81

121.2:1 146 33.53

199.7:1 192 32.82

timetime

3184 3856

2794

2724

2674

3475

3305

3275

Record No.: 30

File name :DL5K-B003 Imlo.crop.raw
Filename Expected Actual

B003 20

B003 60

B003 120

B003 200

Ratio

20:1

60:1

120:1

200:1

Ratio

19.99:1

59.50:1

121.0:1

202.2:1

Step Size

55

106

]155
200

SNR

39.01

36.08

34.88

34.19

Compression
time

3104

2734

2664

2634

Decompression
time

3695

3375

3265

3375

Total time

Record No.: 31

File name :DL5K-B006 lmlo.crop.raw
Filename Expected Actual Step Size SNR Compression Decompression Total time

B006 20

B006 60

Ratio

20:1

Ratio

19.01:1

60.70: I
55 36.43

time

3126

2724

time

3715

351560:1 110 33.54

B006 120 120:1 120.5:1 155 32.46 i 2664 3264 ......
B006 200 200:1 200.3:1 195 31.86 2633 3335

Record No.: 32

File name :DL5K-B010 lobl.crop.raw
Filename Expected Actual

Ratio

B010 20 20:1

B010 60 60:1
B010 120 120:1

B010 200 200:i

Ratio

21.02:1

60.83:1
122.2:1

200.8:!

Step Size SNR

50 39.06

100 35.83
153 34.39

200 33.60

Compression
time

3135

2764
2704

12694

Decompression
time

3645

3445

3314

3315

Total time

Record No.: 33

File name :DL5K-B012_rcc.crop.raw
Filename Expected Actual Step Size SNR Compression Decompression Total time

B012 20

Ratio

20:1

Ratio

21.71:1 43 37.97

time

3084

time

3765

B012 60 60:1 61.54:1 85 34.72 2784 3515

B012 120 120:1 122.8:1 125 33.40 2824 3304

B012 200 200:1 204.5:1 165 32.62 2714 3385



RecordNo.:34
Filename:DL5K-B019rmlo.crop.raw
Filename Expected Actual StepSize SNR Compression

timeRatio Ratio

B019 20 20:1 21.38:1 34 39.54 3094 3535
m

B019 60 60:1 60.68:1 72 35.75 2724 3505
m

B019 120 120:l 122.2:1 112 34.11 2674 3295
m

B019 200 200:1 151204.8:1 33.13

Record No.: 35

File name :DL5K-B020 lmlo.crop.raw
Filename Expected Actual

2654

Decompression
time

3385

Total time

Step size SNR Compression Decompression Total time
Ratio Ratio time time

B020 20 20:1 19.59:1 39 37.45 3164 3615

B020 60 60:1 60.26:1 77 34.38 2744 3505

B020 120 120:1 122.2:1 110 33,25 2684 3365

B020-200 200:1 196.9:1 I 139 [32.66 2644 3345 I

Record No.: 36

File name :DL5K-B024 _lcc.crop.raw
Filename Expected Actual Step Size SNR Compression Decompression Total time

Ratio Ratio time time

B024_20 20:1 20.83:1 135 38.43 3115 3745

B024_60 60:1 62.75:1 170 35.26 2734 3535
B024 120 120:1 ! 17.7:1 97 34.17 2704 3364

B024 200 200:1 203.8:1 ] 125 33.40 2664 3324

Record No.: 37

File name :DL5K-B028_lobl.crop.raw
Filename Expected Actual Step Size SNR Compression Decompression Totaltime

Ratio Ratio time time

B0281 20 20:1 19.81:1 44 3114 380637.93

34.78B0281 60 60:1 60.64:1 87 2734 3475
130281 120 120:1 122.1:1 130 33.40 2664 3565

B0281 200 I 200:1 196.7:1 168 32.71 2644 3294

Record No.: 38

File name :DL5K-B028 rcc.crop.raw

Filename Expected Actual Step Size SNR Compression Decompression Total time
Ratio Ratio time time

B028 20 20:1 21.29:1 44 37.83 3114 3615

B028 60 60:1 60.71:1 87 ............34.63 2724 3425

B028-120 120:1 123.3:1 129 33.30 2664 3334

B028 200 200:1 201.3:1 165 I 32.59 12644 3325

Record No.: 39

File name :DL5K-B029 lmlo.crop.raw
Filename Expected Actual Step Size SNR Compression Decompression Total time

Ratio Ratio time time

B029 20 20:1 21.07:1 40 39.55 3114 3896

B029 60 60:1 60.89:! 85 35.92 2744 3585
m

B029 120 120:1 118.3:1 129 34.45 2684 3555

B029 200 200:1 201.9:1 t75 33.45 2643 3605



RecordNo.:40
Filename:DL5K-B030_rcc.crop.raw
Filename Expected Actual StepSize SNR Compression

timeRatio Ratio
B03020 20:1 19.97:1 47 38.36 3124 3876
B03060 60:1 60.88:1 95 35.07 2744 3756
B030120 120:1 122.38:1 140 33.73 2674 3465
B030200 200:1 196.11:l 187 32.95 2704 3535

Decompression
time

Totaltime

RecordNo.:41
Filename:DL5K-B032lmlo.crop.raw
Filename Expected Actual

B03220
m

B032 60

B032 120

Ratio

20:1

60:1

120:!

Ratio

20.16:1

59.38:1

121.67:1

Step Size SNR Compression
time

55 38.63 3114

110 35.57 2744

165 34.22 2724

Decompression
time

3836

3676

3565

Total time

B032 200 200:! 205.04:1 215 33.47 2663 3365

Record No.: 42

File name :DL5K-B039_rmlo.crop.raw
Filename Expected Actual Step Size SNR Compression Decompression Total time

Ratio Ratio time time

B039 20 20:1 21.06:1 45 35.97 3125 3775

B039 60 60:1 58.06:1 85 33.03 2794 3525
m

B039 120 120:1 118.96:1 125 31.70 2734 3515
m

B039 200 200:1 196.68:1 165 30.96 27t4 3405

Record No.: 43

File name ' DL5K-B041 lcc.crop.raw
Filename Expecte_ Actual Step Size

Ratio Ratio

B041 20 20:1 20.02:1 38

B041 60 60:1 60.23:1 77

B041 120 120:1 118.6:1 110

B041 200 200:1 201.3:1 143

SNR Compression

time(ms)
3095

32.55

38.12

34.06 2764 3705
33.37 2654 3555

34242684

Decompression

time(ms)
3885

Total time

Record No.: 44

File name :DL5K-B043_lcc.crop.raw

Filename Expected Actual Step Size SNR Compression Decompression Total time

B043 20

B043 60

B043 120

B043 200

Record No.: 45

Ratio

20:1

60:1

120:!

200:1

Ratio

20.90:1

60.97:1

121.4:1

200.0:1

40

85

127

171

40.06

36.33

34.86

33.97

time

3114

2734

2684

2624

time

3776

3635
3445

3345

File name :DL5K-B048 rcc.crop.raw
Filename Expected Actual

B048r 20

B048r 60

B048r 120

B048r 200

Step Size SNR Compression
timeRatio Ratio

20:1 19.99:1 44 38.77 3094 3805

60:1 59.19:1 94 35.20 2724 3776
120:1 120.8:1 145 33.66 2664 3515

200:1 200.2:1 192 32.82 2634 3465

Decompression
time

Total time



q

Record No.: 46

File name " DL5K-B052 lcc.crop.raw
Filename Expected Actual Step Size SNR Compression Decompression Total time

B052 20

B052 60
m

B052 120

B052 200

Ratio

20:i

60:1

120:1

200:1

Ratio

20.65:1

59.81:1

120.2:1

202.7:1

37

72

104

136

38.63

35.39

34.11

33.33

time(ms)
3134

2754

2684

2654

time(ms)
3896

6816

3555

3565

Record No.: 47

File name :DL5K-B053 lcc.crop.raw
Filename Expected Actual Step Size SNR

Ratio Ratio

20:1 19.54:1

60:1 61.44:1

120:1 121.7:1

200:1 201.9:1

Compression
time

Decompression
time

B053 20 45 39.33 3114 4016
B053 60 92 35.90 2704 3866

B053 120 135 34.63 2644 3845

179B053 200 33.86

SNR

Record No.: 48

File name :DL5K-B053 rcc.crop.raw
Filename Expected Actual

2634

Compression
timeRatio Ratio

20:1 19.88:1

60:1 59.19:1

120:1 120.6:1

200:1 200.4:1

Step Size

3746

Decompression
time

B053r 20 43 37.96 3114 3895
i

B053r 60 84 34.77 2714 3706

119

155

B053r 120 2664

2633B053r 200

33.64

32.96

3575

3555

Total time

Total time

Record No.: 49

File name :DL5K-B054 lcc.crop.raw
Filename Expected Actual

B054 20

B054 60
B054 120

i

B054 200

Ratio Ratio

20:1 20.23: I

60:1 58.89:1

120:! 120.7:1

200:i 198.0:1

Record No.: 50

File name :DL5K-C010 Imlo.crop.raw
Filename Expected Actual

Step Size

44

86
122

155

SNR

36.95

34.11

32.93

32.33

Compression
time

3105

2734
2664

2643

Decompression
time

3995

3946

3545

3556

Step Size SNR Compression Decompression

Total time

Total time

Ratio

C010 20 20:1

C010 60 60:1

C010 120 120:1

C010 200 200:1

Ratio

19.19:1

61.64:1

123.0:!

198.0:1

54

108

156

199

36.77

33.58

32.39

31.80

time

3115

2724

2714
2654

time

4036

3735
3525

3496

*: The compressed files are named filename.wif and the reconstructed files are namedfilename.raw
compression time (ms)
Diskl: A002--A036

Disk2: A020--A024, A040--A058
Disk3: A060, B003--B040
Disk4:B04 l--C010



Appendix B Results of the TS Wavelet Transform of 50 Mammograms



Aug 6th, 1999 Haiyun Guo

Medical Image Compression Document

Software: Medview--Medical Image Compression System., Revised version.

OSU Wavelet Research Group.

Images : Mammography pictures from Cleverland Clinic Foundation.

50 .raw files 1600"4000"2=12800000 bytes (12.2MB) each. B&W

General Settings of the Medview:

Transform Type: TS transform
Encoder : Stack Run

Quantizer : S-DZ(best quality)
Multiresolution : 3

Compression Requirement:

Compress each image with 3 different compression ratio of 10:1, 20:1, and 60:1 for the purpose of

comparison with the original approach.

Record No.: !

File name :DL5K-A002 lcc.crop.raw
Expected Step Size SNR Compression
Ratio time

20:1 64 38.14 3175

60:1 117 32.87 3105

10:l 30 42.53 3666

Decompression
time

3244

3815
3755

Record No.: 2

File name :DL5K-A003 lcc.crop.raw

Expected Step Size SNR Compression
Ratio time

20:1 58 38.91 3184

60:! 121 36.58 2754

10:1 27 41.83 3095

Decompression
time

3695

3835

3365

Record No.: 3

File name :DL5K-A005 rmlo.crop.raw
Expected Step Size SNR Compression
Ratio time

20:1 65 37.04 3524

60:1 107 33.52 3165

10:1 32 42.45 3893

Decompression
time

2733

3105

3244

Record No.: 4

File name :DL5K-A006 lmlo.crop.raw
I Expected I Step Size ] SNR t Compression ] Decompression t



Ratio time time

20:1 37,82 3175 3685
60:1

10:1

72

125

37
34.93
41.72

2754

3734

3625

2744

Record No.: 5

File name

Expected
Ratio

20:1

:DL5K-A009 Imlo.crop.raw
Step Size SNR Compression

time

57 35.93 3375

60:1 92 33.26

10:1 25 40.87

2833

3813

Decompression
time
3894
3015

3013

Record No.: 6

File name :DL5K-A010 lobl.crop.raw
Expected Step Size SNR Compression
Ratio time

20:1 62 39.02 3095

60:1 106 34.97 2754

10:1 28 42.88 2734

Decompression
time

3685

3625

2744

Record No.: 7
File name

Expected
Ratio

20:1

60:1

10:I

:DL5K-AO13 rcc.crop.raw
Step Size SNR Compression

time

73 35.82 3124

! 11 33.16 2733

36 38.93 2724

Decompression
time

3845

3505

3365

Record No.: 8

File name :DL5K-A014 rmlo.crop.raw

Expected Step Size SNR Compression
Ratio time

20:1 75 35.03 3175

60:1 101 32.50 2754

10:I 29 38.35 2734

Decompression
time
3815

3465

3394

Decompression
time

Record No.: 9

File name :DL5K-A019 rmlo.crop.raw

Expected Step Size SNR Compression
Ratio time
20:1 75 37.82 3105

60:1 128 34.16 2764

10:1 34 39.65 2724

3955

3395
3485

Decompression
time

Record No.: 10
File name :DL5K-A020

Step SizeExpected
Ratio

20:1

60:!

67

rmlo.crop.raw
SNR Compression

time

37.52 3110
118 34.21 2734

10:1 30 40.01 2664 3385

3815

] 3555

Record No.: i 1



Filename:DL5K-A021
Expected
Ratio

StepSize
lmlo.crop.raw
SNR Compression

time
Decompression
time

20:1 91 36.24 3095 3705
60:1 148 32.97 2804 3455
10:1 48 38.04 2674 3235

RecordNo.: 12
Filename:DL5K-A024lcc.crop.raw
Expected StepSize SNR Compression
Ratio time
20:1 60 39.82 3125
60:1 105 36.03 2784
10:1 26 272441.67

Decompression
time
3626
3445
3234

RecordNo.: 13
Filename:DL5K-A026lcc.crop.raw
Expected StepSize SNR Compression
Ratio time
20:! 71 36.15 3134
60:1 132 33.21 2754
10:1 37 38.93 2654

Decompression
time
3585
3465

]3245

RecordNo.: 14
Filename:DL5K-A027rmlo.crop.raw
Expected StepSize SNR Compression
Ratio time
20:1 58 39.57 3114
60:! 109 35.32 2744
10:1 27 41.46 2674

Decompression
time
3605
3505

13315

Decompression
time

RecordNo.: 15
Filename:DL5K-A028lcc.crop.raw
Expected StepSize SNR Compression
Ratio time
20:1 64 37.92 3145
60:1 115 35.43 2784
10:1 32 39.85 2664

3736
3515
3265

RecordNo.: 16
Filename:DL5K-A030Imlo.crop.raw
Expected StepSize SNR Compression
Ratio time
20:1 75 37.67 3124
60:1 128 33.84 2744
10:1 38 39.25 2674

Decompression
time
3816
3415
3294

RecordNo.: 17
Filename:DL5K-A031lcc.crop.raw
Expected
Ratio

StepSize SNR Compression
time

20:1 64 38.41 3126
60:1 113 35.37 2724
10:1 29 40.16 2734

Decompression
time
3675
3425
3285



RecordNo.: 18
Filename:DL5K-A032rcc.crop.raw
Expected StepSize SNR Compression
Ratio time
20:1 69 39.15 3104
60:1 120 35.30 2744
I0:1 35 41.52 2694

Decompression
time
3566
3565

] 3404

Decompression
time

RecordNo.: 19
Filename:DL5K-A036
Expected StepSize
Ratio
20:1 52
60:1 94
10:I 24

RecordNo.:20
Filename:DL5K-A040
Expected StepSize
Ratio

rcc.crop.raw
SNR Compression

time
38.36 3115
34.92 2774
40.52 2685

3795
3485
3305

Decompression
time

20:I 68
60:1 117
10:I 37

RecordNo.:21
Filename

Imlo.crop.raw
SNR Compression

time
37.86 3245
34.21 2744
42.04 2674

3876
3485
3254

Expected
Ratio

Decompression
time

:DL5K-A040rcc.crop.raw
StepSize SNR Compression

time
64 38.43 3154
1i5 36.39 2784
26 41.86 2714

20:1 3585
60:1 3385
10:1 3265

RecordNo.:22

Expected
Ratio

Filename:DL5K-A045rcc.crop.raw
StepSize SNR Compression

time
20:1 55 37.42 3114 3795
60:1 93 33.92 2744 3415
10:1 23 39.85 2674 3335

Decompression
time

RecordNo.:23
Filename
Expected
Ratio

Decompression
time

:DL5K-A046rcc.crop.raw
StepSize SNR Compression

time
58 38.12 3194
98 33.96 2714
27 40.42 2664

20:1 3685
60:! 3505
10:1 3324

RecordNo.:24
Filename:DL5K-A048lmlo.crop.raw
Expected StepSize SNR Compression
Ratio time
20:1 65 36.52 3194

Decompression
time
3625

.... J



60:1 101 32.93

10:1 35 38.87

Record No.: 25

File name :DL5K-A052

Expected Step Size
Ratio

2784 33552724 3255

Decompression
time

20:1 57

60:1 104

10:1 28

Record No.: 26

File name :DL5K-A057

Step Size

rcc.crop.raw
SNR Compression

time

37.57 3295

33.12 2705

39.21 3105

3775

3132

3375

Expected
Ratio

20: ! 78

60:1 132
10:! 39

Record No.: 27

File name :DL5K-A058

Step Size

robl,crop.raw
SNR Compression

time

37.14 3114

34.65 2734
39.72 2664

Decompression
time

3685

3505
3345

Expected
Ratio

20:! 63

60:1 117

10:1 32 39.06 2674

]cc.crop,raw
SNR Compression

time

36.94 3124

33.73 2734

Decompression
time

m,,

3725

3475

3275

Record No.: 28
File name

Expected
Ratio
20:1

Decompression
time

:DLSK- A058 rcc.crop.raw

Step Size SNR Compression
time

59 37.85 3124

93 35.26 2744

32 40.32 2744

3695

60:1

10:1 3305

3405

Record No.: 29

File name

Expected
Ratio

Decompression
time

:DL5K-A060 rmlo.crop.raw
Step Size SNR Compression

time

68 36.32 3184

111 33.27 2794
35 39.41 2724

20:1 3856

60:1 3475

10:1 3305

Record No.: 30
File name

Expected
Ratio

20:1

60:1

10:1

:DL5K-B003 Imlo.crop.raw
n

Step Size SNR Compression
time

73 37.92 3104

120 34.57 2734

39 40.02 2664

Decompression
time

3695

3375
3265

Record No.: 31

File name :DLSK-B006 lmlo.crop.raw

I Expectedd l Step Size ] SNR l C9m_presslon ] Decompression I



Ratio time
20:1
60:1

10:1

71 35.26
124

37

3126

32.45 2724

38.14 2664

time

3715
3515

3264

Record No.: 32

File name :DL5K-B010 lobl.crop.raw

Expected Step Size SNR Compression
Ratio time

20:1 71 37.75 3135

60:! 123 34.59 2764

I0:1 40 39.86 2704

Decompression
time

3645
3445

3314

Record No.: 33

File name :DL5K-B012 rcc.crop.raw
Expected Step Size SNR Compression
Ratio time

20:1 58 36.37 3084

60:1 101 33.51 2784

10:1 28 38.81 2824

Decompression
time

3765
3515

3304

Record No.: 34
File name

Expected
Ratio

20:1

60:1

10:1

:DL5K-B019 rmlo.crop.raw

Step Size SNR Compression
time

57 38.17 3094

90 34.35 2724

29 40.14 2674

Decompression
time

3535

3505

3295

Record No.: 35

File name :DL5K-B020 Imlo.crop.raw

Expected Step Size SNR Compression
Ratio time
20:1 58 36.54 3164

60:1 93 32.97 2744

10:1 32 39.43 2684

Decompression
time

3615

3505

3365

Record No.: 36
File name :DL5K-B024

Expected
Ratio

20:1

60:1

10:I

Step Size

50
87

26

Icc.crop.raw
SNR Compression

time

37.03 3115

34.35
39.74

2734

2704

Decompression
time

3745
3535

3364

Record No.: 37
File name

Expected
Ratio

20:1

60:1

10:i

:DL5K-B028 lobl.crop.raw

Step Size SNR Compression Decompression
time time

58 36.53 3114 3806
104 33.83 2734 3475

35 38.40 2664 3565

Record No.: 38



Filename:DL5K-B028
Expected
Ratio
20:1

StepSize

62

rcc.crop.raw
SNR Compression

time
36.49 3114

60:1 105 33.16 2724
10:1 35

Decompression
time
3615
3425

38.58 2664 3334

RecordNo.:39
Filename:DL5K-B029
Expected
Ratio

StepSize
Imlo.crop.raw
SNR Compression

time
Decompression
time

20:1 56 38.21 3114 3896
60:1 99 34.67 2744 3585
i0:1 25 40.52 2684 3555

RecordNo.:40
Filename:DL5K-B030
Expected
Ratio

Step Size
rcc.crop.raw

SNR Compression
time

Decompression
time

20:1 64 37.49 3124 13876
60:1 114 33.92 2744 3756
10:1 35 40.87 2674 3465

Record No.: 41

File name :DL5K-B032

Expected
Ratio

Step Size
lmlo.crop.raw

SNR Compression
time

Decompression
time

20:1 71 37.15 3114 3836

60:1 123 34.37 2744 3676

10:1 38 40.72 2724 3565

Record No.: 42

File name :DL5K-B039

Expected Step Size
Ratio

20:1 61

rmlo.crop.raw

SNR Compression
time

34.45 3125

Decompression
time

3775

60:1 98 31.72 2794 3525

10:! 32 37.94 2734 [3515

Record No.: 43
File name : DL5K-B041

Expected
Ratio
20:1

Step Size

52

lcc. crop. raw

SNR Compression

time(ms)
37.03 3095

60:1 94 32.95 2764

10:! 26 39.56 2654 3555

Decompression

time(ms)
3885

Record No.: 44

File name :DL5K-B043

Expected
Ratio

Step Size
Icc.crop.raw

SNR Compression
time

Decompression
time

20:1 57 39.12 3114 3776

60:1 103 35.21 2734 3635

10:1 28 41.51 2684 3445



RecordNo.:45
Filename:DL5K-B048
Expected StepSize
Ratio
20:! 63
60:1 116
10:I 34

rcc.crop.raw
SNR CompressionDecompression

time time
37.16 3094 3805
33.92 2724 3776
39.25 2664 3515

RecordNo.:46
Filename•DL5K-B052lcc.crop.raw
Expected StepSize SNR Compression
Ratio time(ms)
20:1 57 37.17 3134
60:I 91 34.29 2754
10:1 30 40.61 2684

Decompression
time(ms)
3896
6816

3555

Decompression
time

Record No.: 47

File name :DL5K-B053

Expected Step Size
Ratio
20:1 60
60:1 112

I0:1 31

lcc.crop.raw

SNR Compression
time

38.46 3114

34.80 2704

40.27 2644

4016

3866

3845

Record No.: 48

File name :DL5K-B053 rcc.crop.raw

Expected Step Size SNR Compression
Ratio time

20:1 56 36.57 3114 3895

60:1 97 33.62 2714 3706

10:1 29 38.97 2664 I 3575

Decompression
time

Record No.: 49
File name

Expected
Ratio

:DL5K-B054 Icc.crop.raw
Step Size SNR Compression

time

20:1 65 34.34 3105

60:! 107 32.19 2734

10:! 29 38.16 2664

Record No.: 50
File name :DL5K-C010

Expected Step Size
Ratio

Decompression
time

3995

3946

13545

20:1 74

60:1 120

10:1 37

Imlo.crop.raw
SNR Compression Decompression

time time

33.89 3115 4036

31.21 2724 3735

37.92 2714 3525

*: The compressed files are namedfilename.wifand the reconstructed files are namedfilename.rmv

compression time (ms)
Diskl: A002--A036

Disk2: A020--A024, A040---A058



Disk3:A060,B003--B040
Disk4:B04l--C010'



Appendix C Results of the Preference Study by the Cleveland Clinic Foundation



I

TO:. _ Powddl, I_D

DATE: May S,:_0O

s .ay
I

this mea_ I de_n_ tt_ re_a_sfor.]_L__e two ma&rs wi_ _a_.

Statistical Methods

Results

Tah_ i and 2 sammar_ tlma,a=a_mnk of each of the 4 _mpress_ im_g_ for _caxions and mas_
t_vdy_ _ _ w_ _ d_ naml_ of _ _nwhic.h e_h imag_ was ass_gneg _ _ _ef_ C_
a scor_ o_"1)_ No_ g_ar _ am_ _ _nwhich a reader astdgzw_da score of I m more tha_ on_ imag_

For c_ficaZiom._thecriKima]_ had _ lowe_:average overa.U_ _]:_._i_ns.followe.dby Cl_ forn_U_

namr_ _. overall_=_ =ink was _ _ f_re,_.__odgi_ _z_!.CI0. C20. _ C_ fo]1o_.'c,:LC10 _as l_e=eg in

3Z2% of re2_t_ CXD in 25%. and C_) ha 22%. co.mpaz-eX_Z0I]_Odgina[_ was _ in 47_ of r_g_.

For masses ([tah_ 2). tI_ origiml imag_ had tim lowes_ average mn_d_ overall, followe2 by CIO. follo.w.M by (_/).

f_lIowc_by C_ CI0 was preferredia29% ofreadings.C20in iS%. ami C.60 in 29%, compazed to tlm ori_xal
which was pmf.erred ia 57% oSn_.,ings_

Table 1: Descriptive _flts _ _ns

ORIG C_O C20 c.6o

Malign.CN=IT) 2-1 (7zn3 9_tiT) _ (6) 2.6(4)

B=ag= ,tx=t'O 1.6 (_ulT) I_ 03 2_5(63 _ (5)

M_n. t'N-=_ 2.3(_ 2.3 (4) 2.5t3) 2.9C4)

Bemgn t_T_iT) 1.7(9) 2.4(4) 2.9C2) 31C2)
An

Maligr.. O_=34) 2.2(12/34) 2_2fllJ 14(9) 2.8(8)
Benign (N'=34) I-_ _) 2_2(]1) 2.7(8) 2.2(2")

l_geIof3
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CI0 C_3 Ca3

_L_/gn_Oq=lT) iz_021i7) 2_1 (_ 2.2(5") 2.4 (9)

B_i_ Ci_=iT) L6 (&'iT) 1-9(9) 2-_0) 2.6(4)

_2
_m_- i_=iT) i_ (iD 2.6(n _ (O) Z_ (5_

Z/I

._#=. (#=-?,4) J.6 (2._) 2_,#(6.) 25(53 2.6(24;
Be.rJgn(N=34) 1.8(16fd4) 2-1 (]49 2.6(5-3 2-9(6)

ranks a_t _ of cascs in whi_ _ _age was as_,,_e_i ti_ hio_st pre_mc._ (gi,._a in p__)-

For _oa_ the__ _ th_ oziginal and C10 ar_ not ___*L_,-m]y s_gzfiftcam (s_ _ 3_ The, dif-

_zcmae. be/weea fl_ origixm] and C20 is _r__lly si# xq:xrcadar 2 _ _y si=,_iScam for read_ 1.

•r_ ait_cnc.c between d_ cdginai and C60 is _ __,_uy sign_ for _ rcad¢_

For _ th_ diff_x_._ be_weem thz or_oWma_and CI{) is _y signifi_ _ r_ 2 (_ _ _ The.

C.ombin_ng zhe daxa from _,ds,-_4ms and masses (s_ T.abt¢ _ _ __ _ _ _ _ C10 _ _-

5&zk.Mly signi_.nt for r_:le, r 2 and margin_y statistically s_ific_r for rc_le-x L The.._Tm"cnc,_ _ thc or£g-.-
and C20 is _y si_ for boZh _ _y, the diffece, n_bex, ve_n fl-_ or_=hml and C.60 _s

szm£stic_ly s_gn_n_t f_ both reader&

OI2.IGv-CI0 &30_ 0.25_

OP, IG _ C2.LJ 0-091 0014

ORIG v. C60 0/)40 0.006

TRb_ 4: P-v_ues for Mass_

RmrSe_x2

ORIG v. CIO 0336 13.010

OP, IG v. _ _ <&00l

ORIG v. C60 0.004 0-002

Pa_e:2 o_3



Rc_l _2

OP..IGv.CIO 0.083 0.011

OP..IGv.C20 0.001 <0.061
ORIG v_C..,60 0.001 <0__I

Conclusions

Th_ msu_s imBcam_ _ canmxco_ _lacc_ _ imag_wizhanyofth_ comFesseA imag_._
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